Background and Objectives: Serine proteases are emerging as important players in the spermatozoon's acquisition of functional competence. This study aimed to characterize the serine protease testisin (PRSS21) in stallion spermatozoa, examining its surface expression, possible origins in the testis and epididymis, and changes in response to capacitation and acrosome reaction, as well as its capacity to form high molecular weight complexes and interact with other proteins. Materials and Methods: The role of serine proteases in spontaneous capacitation and acrosome reaction of stallion spermatozoa was established using the serine protease inhibitor, AEBSF. Testisin localization, before and after exposure of stallion spermatozoa to capacitating conditions and calcium ionophore, was examined using live cell immunofluorescence and flow cytometry. Immunohistochemistry of testicular and epididymal tissues was used to further dissect the origins of sperm testisin. Testisin's participation in high molecular weight protein complexes and identification of its interacting partner proteins were investigated using Blue Native PAGE, co-immunoprecipitation, and mass spectrometry, with interrogation of protein-protein interaction databases and gene ontology analysis of partner proteins used to further explore the potential roles of the testisin-containing complex in sperm function. Results: Testisin surface expression increased significantly in capacitated spermatozoa (p < 0.001), increased further following acrosome reaction (p < 0.01), and was localized to the equatorial region of the sperm head. Testisin was also detected in luminal fluid within the caput and corpus regions of the epididymis, epididymal spermatozoa, and epididymal epithelial cells. Testisin formed several multiprotein complexes; co-immunoprecipitation revealed interactions of testisin with a multitude of zona pellucidabinding proteins, including ZPBP, ZAN, acrosin, several heat-shock proteins, and components of the TCP1 complex. Conclusion: Testisin appears to form part of the zona pellucida-binding complex in stallion spermatozoa and may be involved in the proteolytic cascade that prepares the sperm surface for interaction with the oocyte.
INTRODUCTION
As spermatozoa approach the oocyte, they undertake the final stages of maturation that will allow fertilization to take place. This involves a proteolytic cascade triggered at capacitation, ultimately encompassing the series of events known as acrosomal exocytosis. Here, the outer acrosomal membrane is shed, releasing the contents of the acrosomal vesicle and leaving the inner acrosomal membrane exposed. An array of enzymes is dispersed from the acrosomal vesicle into the immediate environment immediately prior to fertilization, presumably facilitating progression of the spermatozoa through the cumulus cells surrounding the oocyte and into the zona pellucida. Protein complexes, now exposed on the inner acrosomal membrane of the spermatozoon, orchestrate the attachment of the spermatozoa to the zona pellucida prior to fusion of this membrane with the oocyte plasma membrane.
Serine proteases are emerging as important contributors to the production, maturation, and functional competence of spermatozoa (Netzel-Arnett et al., 2009; Yoneda & Kimura, 2013; Beek et al., 2015; Shang et al., 2018) , reviewed by Cesari et al. (2010) . Until recently, acrosin was considered the major protease released at acrosomal exocytosis and responsible for the digestion of the zona pellucida. Although evidence abounds to suggest that one or more serine proteases with trypsin-like activity are necessary for successful fertilization in mammals (Llanos et al., 1993; Yamagata et al., 1998; Beek et al., 2015) , it is now clear that acrosin is not the one and only enzyme responsible, and other proteases are likely to play a synergistic role (Baba et al., 1994; Honda et al., 2002a) .
The proteolytic profile of spermatozoa is particularly intriguing in the horse; in this species, the success of in vitro fertilization (IVF) is notoriously low-to this day, only two live foals have ever been produced via IVF (Palmer et al., 1991) . Where multiple embryos are desired from a particularly valuable mare, these are generated either in vivo in combination with embryo transfer to surrogate mares or in vitro via direct injection of the spermatozoa into the oocyte (intracytoplasmic sperm injection; ICSI). Conventional IVF would present multiple advantages over ICSI if it were feasible. Aside from being time-and labor-intensive and requiring highly specialized equipment and skilled personnel, ICSI bypasses the mechanisms of sperm selection and 'quality control' offered by IVF. This includes selection for motility, acrosomal status, and DNA integrity-factors that can potentially reduce the chance of success, increase risk of pregnancy complications, or compromise offspring health (Bhattacharya et al., 2001; Check et al., 2011; Sanchez-Calabuig et al., 2014) . In addition, equine IVF would be an invaluable diagnostic tool in cases of stallion subfertility and infertility: Currently, zona binding assays represent the limit of our ability to examine failure of fertilization in stallions. Here, stallion spermatozoa are incubated with fresh or salt-stored oocytes (equine, bovine, or porcine) and spermatozoa that attach to the zona are counted. While this can expose defects in zona pellucida binding and has been shown to correlate with in vivo fertility (Fazeli et al., 1995; Meyers et al., 1996) , the assay is unable to detect defects in species-specific functions (in the case of heterologous assays) or sperm function beyond binding of the zona, such as oolemma penetration, sperm chromatin decondensation, pronuclear formation, and the spermatozoon's role in early embryo development. The poor success rate of equine IVF has been largely attributed to the inability of spermatozoa to penetrate the zona pellucida in vitro (Leemans et al., 2016) . In this light, uncovering the proteases present in the stallion spermatozoon and those participating in gamete interactions is particularly vital if we are to make progress in equine IVF.
Furthermore, where the binding of spermatozoa to the zona pellucida was once thought to be a simple 'lock and key' mechanism, it is now known that the process is complex and dynamic . A series of protein complex rearrangements and activations is involved; many of these are likely driven by proteolytic cleavage of surface proteins alongside other posttranslational modifications. The complexity of this process further underlines the need to characterize the enzymes, including proteases, present and active within spermatozoa.
In our previous study of the stallion sperm proteome, we identified two putative testis-associated serine proteases, PRSS21 (testisin) and PRSS55 (Swegen et al., 2015) . Testisin in particular attracted our attention as it appears to display almost exclusive expression in testicular germ cells and tumors of ovarian origin (Hooper et al., 1999; Shigemasa et al., 2000) , intimating a nonredundant role in reproductive function. In the mouse (where it is known as TESP5), this protein is expressed in the plasma membrane of round and elongating spermatids (Scarman et al., 2001 ) and epididymal spermatozoa, probably anchored by glycosylphosphatidylinositol (GPI) to lipid raft microdomains of the plasma membrane (Honda et al., 2002b; Nixon et al., 2009) . Although little is known about the exact function and molecular interactions of testisin/TESP5, its status as a GPI-anchored serine protease indicates a capacity for undergoing significant posttranslational modifications (Gadella, 2009 ) and potentially implicates it in the cascade of proteolytic events that prepare the spermatozoon for oocyte recognition and fertilization. Indeed, the spermatozoa of TESP5 knockout mice exhibit an impaired ability to undergo the acrosome reaction, and struggle to penetrate the zona pellucida in vitro (Yamashita et al., 2008) . In another knockout study, testisin was directly implicated in epididymal sperm maturation in vivo. Here, testisin-deficient mouse spermatozoa from epididymal caudae displayed low motility, abnormal morphology, and an increased susceptibility to sperm head detachment, followed by a reduced ability to undergo capacitation-related phosphorylation events alongside poor fertility (Netzel-Arnett et al., 2009 ). The molecular interactions underpinning testisin's role in reproductive function have not been determined, but are expected to be driven by its enzymatic capacity as a serine protease as it appears capable of proteolytic activity at the cell surface (Tang et al., 2005) .
Testisin's presence and significance in stallion spermatozoa have not yet been characterized. In this study, we set out to examine the presence and potential of testisin (UniProt accession F7BZU6_HORSE) as a functional protein in stallion spermatozoa. The results demonstrate a dynamic shift in the localization of this protein on the sperm surface in response to sperm capacitation and acrosome reaction, as well as its interaction with key proteins known to be involved in spermatozoazona pellucida binding.
MATERIALS AND METHODS

Chemicals, reagents, and media
All chemicals were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia) unless otherwise specified. Kenney's extender was used to extend semen 2 : 1 and was prepared as previously described (Blanchard et al., 1987) . For gradient centrifugation, isotonic Percoll was prepared by diluting 109 Ham's F10 with 90 mL Percoll TM and addition of 740 ll sodium lactate syrup, 3 mg sodium pyruvate, 210 mg sodium bicarbonate, and 100 mg polyvinyl alcohol (PVA).
Biggers, Whitten, and Whittingham medium (BWW) supplemented with gentamicin (95 mM NaCl, 4.7 mM KCl, 1.7 mM CaCl 2 Á2H 2 O, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 .7H 2 O, 25 mM NaHCO 3 , 5.6 mM D-glucose, 275 lM sodium pyruvate, 3.7 ll/mL 60% sodium lactate syrup, 50 U/mL penicillin, 50 lg/mL streptomycin, 250 lg/mL gentamicin, 20 mM HEPES, and 0.1% w/v PVA) was used as the base medium for dilution of isotonic Percoll and for all sperm incubations, unless otherwise specified. Non-capacitating medium (NC-BWW) consisted of BWW modified by exclusion of PVA and replacement of sodium bicarbonate with sodium chloride, adjusted to 300 mOsm. Capacitating medium (CAP-BWW) consisted of BWW supplemented with 0.5 mM methyl-b-cyclodextrin (m b CD), 5 mM dibutyryl cyclic AMP, and 3 mM pentoxifylline as previously reported (Bromfield et al., 2014) .
Antibodies used were as follows: for immunohistochemistry and co-immunoprecipitation, polyclonal goat anti-testisin 
Methods
Semen collection and sperm sample preparation Animals were used with the authorization of the University of Newcastle Animal Care and Ethics Committee (A-2011-122) . Pony stallions (N = 3) of mixed breeds (including Palouse, Shetland, miniature, and Welsh), aged 6-12 years, were housed outdoors on institution-approved premises. Semen was collected using a ponysized Missouri artificial vagina (Minitube Australia, Ballarat, Vic, Australia). Samples were immediately diluted with two parts of Kenney's extender to one part of semen in 50-mL Falcon tubes. Semen was kept at ambient temperature in a polystyrene box and transported to the laboratory within 1 h of collection. The extended semen was subsequently fractionated on a Percoll gradient, using 40% and 80% Percoll fractions (GE Healthcare, Castle Hill, Australia) centrifuged for 30 min at 500 g (22°C). High-quality spermatozoa were recovered from the base of the 80% region of the gradient, centrifuged (500 g, 20 min), and subsequently resuspended in BWW medium (with or without respective treatments as specified below) at a concentration of 2 9 10 7 cells/mL.
A NucleoCounter SP-100 (ChemoMetec, Allerod, Denmark) was used to determine sperm concentration.
Sperm capacitation and acrosomal exocytosis
For experiments involving sperm capacitation, NC-BWW was used for dilution of Percoll and washing of spermatozoa instead of BWW. To stimulate capacitation, spermatozoa were then resuspended in CAP-BWW (alongside NC-BWW controls) and incubated for 4 h at 37°C in 5% CO 2 in uncapped tubes with gentle mixing every 30 min. For stimulation of acrosomal exocytosis, aliquots of capacitating spermatozoa were supplemented with 2.5 lM calcium ionophore (A23187) for the final 30 min of incubation. Changes in surface expression of testisin throughout capacitation and acrosome reaction were subsequently evaluated by indirect immunofluorescence and flow cytometry; three ejaculates from each of three stallions were used for this experiment (n = 9).
Immunofluorescence and flow cytometry
Live cell testisin immunofluorescence. Following Percoll centrifugation and, where appropriate, capacitation/acrosome reaction, aliquots of approximately 2 9 10 6 spermatozoa were centrifuged at 500 g for 3 min and resuspended in rabbit polyclonal anti-testisin antibody (raised against synthetic peptide specific to a conserved region of human testisin) and diluted 1 : 200 in BWW medium. Epididymal sperm samples were incubated with and without 0.5 mM methyl-b-cyclodextrin in order to impair the cholesterol-mediated internalization of surface proteins and maintain their transient enrichment at the sperm surface/ plasma membrane. Samples were incubated overnight at 22°C, washed by centrifugation and resuspension in BWW, and incubated with secondary antibody (anti-rabbit Alexa Fluor 488 1:100) and Live/Dead TM Far Red Viability Stain (Thermo Fisher Scientific) at 1:1000 dilution in BWW for 20 min at 37°C. Following a final wash, aliquots of cells were mounted on slides and imaged using a fluorescence microscope (Axio Imager A1; Carl Zeiss MicroImaging GmbH, Jena, Thuringia, Germany). The remaining cells were analyzed by flow cytometry as described below. A dead cell positive control (snap frozen/thawed) and a secondary antibody-only control were used to set gates during flow cytometry analysis. Flow cytometry results are presented as the geometric mean fluorescence intensity in arbitrary units (GMFI, AU) or mean percent positive cells AE standard error of the mean (SEM).
Fixed cell testisin immunofluorescence. Following Percoll centrifugation and, where appropriate, capacitation/acrosome reaction, aliquots of approximately 2 9 10 6 spermatozoa were centrifuged at 500 g for 3 min and resuspended in BWW containing a 1 : 1000 dilution of Live/Dead TM Far Red Viability Stain for 20 min at 37°C. Samples were washed by centrifugation and resuspension in BWW, fixed in 2% paraformaldehyde in PBS for 5 min at 4°C, washed in PBS, and stored in 0.1 M glycine in PBS at 4°C for up to 2 weeks. At the time of analysis, cells were centrifuged to remove glycine/PBS and permeabilized in 0.1% Triton X-100 in PBS for 10 min at 4°C, washed in PBS, and blocked in 10% goat serum in PBS for 30 min at 37°C. Spermatozoa were then incubated with primary (rabbit polyclonal anti-testisin) antibody (1 : 200 in PBS) for 1 h at 37°C, followed by a wash in PBS and secondary antibody (anti-rabbit Alexa Fluor 488; 1 : 100) for 20 min at 37°C. Cells were washed in PBS and aliquots mounted on slides for imaging, while remaining cells were analyzed by flow cytometry as described below. A dead cell positive control and a secondary antibody-only control were used to set gates during flow cytometry analysis. Flow cytometry results are presented as the GMFI (AU) or mean percent positive cells AE SEM.
Membrane lipid scrambling assay (Merocyanine-540) and acrosome reaction assay (FITC-PNA) after AEBSF treatment. The effects of protease inhibitors on spontaneous capacitation and acrosomal exocytosis were analyzed flow cytometrically using the membrane lipid scrambling probe, Merocyanine-540 (M540; Thermo Fisher Scientific), and fluorescein isothiocyanate-peanut agglutinin (FITC-PNA), respectively. Ejaculated, Percoll-processed spermatozoa were incubated with serine protease inhibitor 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) at concentrations of 0, 50, 100, 200, and 400 lM overnight at 37°C. Two ejaculates from each of three stallions were used for this experiment (n = 6). For the M540 assay, live spermatozoa were incubated for 15 min at 37°C with 2.5 lM Merocyanine and a 1 : 10,000 dilution of Live/Dead TM Green Viability Stain (Thermo Fisher Scientific), after which they were washed once by centrifugation at 500 g, and resuspended in BWW for analysis by flow cytometry. Results are presented as the mean percentage of M540-positive cells within the live cell population AE SEM. For FITC-PNA assay, spermatozoa were fixed after Live/Dead TM staining using paraformaldehyde and stored for up to 2 weeks as described above until analysis. On the day of analysis, cells were permeabilized in 0.1% Triton X-100 and 3.4 mM sodium citrate (in PBS) for 5 min at 4°C, pelleted by centrifugation, and incubated in 0.4 lg/ mL FITC-PNA for 15 min at 37°C. The spermatozoa were then centrifuged and resuspended in PBS for flow cytometric analysis. An unstained control, an untreated sample incubated in NC-BWW and a dead cell control were used to set gates during flow cytometry analysis.
Flow cytometry analysis. For flow cytometric analyses, cells were resuspended in at least 200 ll of BWW (live cells) or PBS (fixed cells) in FACS tubes and analyzed using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) with a 488-nm argon ion laser. Emission measurements were made using 530/30 band-pass (green/FL-1), 585/42 nm band-pass (red/FL-2), 661/16 nm band-pass (red/FL-3), and >670 longpass (far red/FL-4) filters. Forward scatter and side scatter plots were used to gate sperm cells only and exclude contaminating cells and debris. All data were acquired and analyzed using CellQuest Pro software (Becton Dickinson, Franklin Lakes, NJ, USA) with a minimum of 5000 events collected per sample. Statistical significance was determined using paired Student's t-test against untreated control or caput spermatozoa (Excel for Mac 2011, Microsoft Corporation, Redmond, WA, USA), where p < 0.05 was considered significant.
RNA extraction and Reverse Transcription PCR
Preparation of RNA from horse testis. Testis tissue (donated to the laboratory following routine castration by local veterinarians) was homogenized in 500 lL of TRIzol reagent (Life Technologies). Chloroform (100 lL) was added to the solution and shaken by hand for 1 min, and the solution centrifuged at 20,000 g for 20 min at 4°C. The aqueous phase was transferred to a fresh Eppendorf tube, an equal volume of isopropanol added, and incubated for 1 h at RT. The mixture was then centrifuged at 13,000 RPM for 20 min at 4°C. The RNA pellet was washed with 75% ethanol made up in diethylpyrocarbonate (DEPC)-treated water, dissolved in DEPC-treated water, and RNA content quantified.
Preparation of RNA from horse spermatozoa. Following sperm collection and Percoll processing as described above, aliquots containing 1 9 10 8 spermatozoa were washed twice in PBS and pelleted. Total RNA was prepared from the final cell pellets using TRIzol reagent (Life Technologies), as described above for testis tissue, except that prior to isopropanol precipitation, 5 lL of 2 mg/mL glycogen (Ambion, Austin, TX, USA) was added to facilitate RNA precipitation.
RT-PCR of horse testisin in spermatozoa. To determine the presence of horse testisin in spermatozoa, 10 lg of total RNA was reverse transcribed with oligo(dT) 15 primer (Promega Corporation, Annandale, NSW, Australia) and M-MLV Reverse Transcriptase (Promega). RT-PCR for equine testisin was then performed to detect known sequences of the gene. PCR primers were designed to detect the predicted Equus caballus testisin sequence in the GenBank database (GenBank accession number XM_014730155). For the first round of PCR, the forward primer sequence was 5 0 -CGTGCTGTTTCCAGGTTTCG-3 0 ; the reverse primer sequence was 5 0 -CAGTTGAAGTGTGTGCTGACG-3 0 .
These primers are predicted to generate bands of 800 bp. The PCR conditions were as follows: one cycle of 94°C for 5 min; 35 cycles of 95°C for 45 s, 57°C for 45 s, and 72°C for 2 min; and one cycle of 72°C for 10 min. For nested PCR, a 1 : 100 dilution of the first round product was used as the template and the conditions were the same as above. For nested PCR, the forward primer sequence was 5 0 -GGCCTACCAGAACCGTTACC-3 0 ; the reverse primer sequence was 5 0 -GCTGGCAGCATGTGTTCTTC-3 0 . These primers are predicted to generate bands of 220 bp.
The PCR products were run on 1.5% agarose gels, and the DNA was purified from the gel using a Wizard Gel Clean-Up Kit (Promega). The DNA was sequenced at the Australian Genomic Research Facility (Brisbane, Australia).
Immunohistochemistry of stallion testis and epididymis
Testicular and epididymal tissues were obtained following routine castration of sexually mature stallions. Tissues were dissected and fixed in 4% paraformaldehyde overnight at room temperature, dehydrated in ethanol, embedded in paraffin, and sectioned. For testisin immunohistochemistry, polyclonal goat anti-mouse testisin antibody (Thermo Fisher, PA5-47879) was used. Sections were rehydrated in xylene and ethanol, and antigen retrieval performed by boiling in 10 mM Tris for 10 min. Sections were blocked in 3% BSA in TBST for 1 h at 22°C and incubated in primary antibody (8 lg/mL in TBST) overnight at 4°C. Slides were washed 39 in TBST and incubated with secondary antibody (donkey anti-goat Alexa Fluor 488, 1 : 200) for 1 h at 22°C. Slides were then washed three times, incubated for 1 min in DAPI nuclear stain at 1 : 10,000 in TBST, washed again, and prepared for fluorescence imaging using Mowiol anti-fade medium. Mouse testis sections were processed alongside stallion sections and used as a positive control. Secondary antibody-only negative controls for each tissue type were prepared by omitting incubation with primary antibody.
Blue Native PAGE analysis of protein complexes Non-capacitated, capacitated, and capacitated/acrosomereacted stallion spermatozoa were prepared as described. To determine whether sperm testisin interacts with other proteins by forming stable multimeric complexes, and how these evolve throughout capacitation and acrosome reaction, we employed the Blue Native gel electrophoresis technique previously adapted for spermatozoa (Redgrove et al., 2013) .
Following centrifugation at 500 g for 3 min, cell pellets containing 100 million spermatozoa were resuspended in native lysis buffer consisting of 1% n-dodecyl b-D-maltoside, 0.5% Coomassie Blue G250, and a cocktail of protease inhibitors (Roche, Mannheim, Germany) and incubated at 4°C on an orbital rocker for 30 min. Samples were centrifuged for 20 min at 14 000 g and then dialyzed against Blue Native cathode buffer (Invitrogen, Carlsbad, CA, USA) overnight at 4°C. Dialyzed native protein lysates were loaded onto Blue Native polyacrylamide gels (native PAGE Novex 4-16%, Bis-Tris gels; Invitrogen) and resolved using a native PAGE cathode and anode buffer and run at 4°C at 100 V for the duration of the stacking gel layer and at 200 V for the resolving gel layer for~3 h. Gels were then stained with Coomassie Blue or prepared for Western blotting and probed with anti-testisin antibody as described below.
202 Andrology, 2019, 7, 199-212 Co-immunoprecipitation of complex-forming proteins associated with testisin Spermatozoa were lysed at 4°C for 2 h in lysis buffer (10 mM CHAPS, 10 mM HEPES, 137 mM NaCl, 10% glycerol, and protease inhibitor cocktail). Cell lysate was then incubated with 50 ll of washed magnetic protein G Dynabeads TM (Thermo Fisher) under constant rotation at 4°C for 1 h for pre-clearing. Anti-testisin antibody (Thermo Fisher), 10 lg in 200 lL of PBS, was conjugated to fresh aliquots of washed Dynabeads by incubation for 2 h at 4°C under rotation. Following antibody binding, the cross-linking reagent, 3,3 0 -dithiobis[sulfosuccinimidylpropionate] (DTSSP), was added at a final concentration of 2 mM and incubated at room temperature for 30 min. Cross-linking was halted by addition of 20 mM Tris to the antibody-Dynabead mixture for 15 min at room temperature to quench the reaction. Immunoprecipitation was then performed by adding precleared lysate to testisin antibody-conjugated beads and incubating under rotation overnight at 4°C. Beads were then transferred to clean tubes and washed 39 in 200 lL of PBS.
Proteins coprecipitated with testisin were eluted from the beads by boiling for 5 min with SDS-loading buffer (100 mM Tris, 146 mM sucrose, 1% SDS) containing 4% v/v b-mercaptoethanol. Pre-cleared beads were processed in the same fashion to serve as negative controls. Eluted proteins in loading buffer were then loaded into a 4-20% gradient gel and resolved by electrophoresis (160V for~1 h). As samples were loaded in duplicate, the gel was then cut so one set of samples could be transferred to a nitrocellulose membrane (350 mA for 1.5 h) for Western blotting to confirm the presence of testisin, and the other set stained with Coomassie Blue and prepared for analysis by mass spectrometry to identify interacting proteins.
Western blotting of SDS-PAGE and native PAGE gels
Proteins resolved via SDS-and native-PAGE were transferred to nitrocellulose membranes under a constant current of 350 mA for 1.5 h. Membranes were blocked for 1 h in 3% bovine serum albumin (BSA) in Tris-buffered saline (TBS; 100 mM Tris-HCl, pH 7.6, and 150 mM NaCl) supplemented with 0.1% Tween-20 (TBST). Membranes were rinsed in TBST and probed overnight at 4°C with polyclonal anti-testisin antibody raised in goat (Thermo Fisher) at 1 : 500 dilution in TBST with 1% BSA, rinsed with TBST, and then probed for 1 h with a 1 : 3000 dilution of horseradish peroxidase-conjugated secondary antibody (in TBST with 1% BSA) at RT. After a further three washes in TBST, cross-reactive proteins were visualized using an enhanced chemiluminescence kit (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer's instructions. Sperm SDS lysate blots were stripped and reprobed with anti-tubulin antibody as a loading control.
Mass spectrometry identification of co-immunoprecipitated proteins PAGE gels obtained followed co-immunoprecipitation of testisin, and associated proteins were stained with Coomassie to identify protein bands. Bands were carefully dissected, avoiding inclusion of major IgG bands, and 1-mm pieces placed into corresponding Eppendorf tubes. Negative control bands were dissected from corresponding regions of pre-clear lanes (to control for non-specific binding of proteins to Dynabeads). Individual polyacrylamide gel plugs were destained and washed four times with 25 mM ammonium bicarbonate in 50% methanol. After reduction (dithiothreitol, 10 mM, 1 h at 22°C) and alkylation (iodoacetamide, 55 mM, 45 min at 22°C), gel plugs were dehydrated in acetonitrile (ACN), reconstituted with 50 mM ammonium bicarbonate containing 100 ng of trypsin (Promega), and incubated at 37°C and 350 rpm shaking overnight. The resulting peptides were extracted by application of 50% ACN/0.1% trifluoroacetic acid and then 100% ACN/0.1% trifluoroacetic acid, and the extracts were combined. Extracts were dried by centrifugal evaporation and resuspended in 15 mL 2% ACN/0.1% trifluoroacetic acid in glass vials.
Peptides extracted from in-gel trypsin digestion were sequenced by nanoflow reversed-phase liquid chromatography (Dionex UltiMate 3000 RSLCnano, Thermo Fisher Scientific) coupled directly to a Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific). Samples were loaded at 7 lL/min (2% acetonitrile, 0.1% trifluoroacetic acid in water) for 5 min onto a 5 lm C18 nanoViper trap column (100 lm 9 2 cm, Acclaim PepMap 100, Thermo) for desalting and pre-concentration. Separation was then performed at 300nl/min over an EASY-Spray PepMap Column (3 lm C18, 75 lm 9 15 cm) utilizing a gradient of 2-40% Buffer B (80% acetonitrile, 0.1% formic acid) over 45 min; the gradient was then increased to 90% Buffer B briefly to wash the column before allowed to re-equilibrate at 2% Buffer B for a further 15 min (65 min total run time per sample). The compounds were eluted directly into the EASY-Spray nano-ESI Ion Source (Thermo Fisher Scientific) for high-resolution MS mass determination and MS/MS analysis of the top 12 ions in each MS scan. MS analysis scanned the mass range from 380 to 1500 m/z in positive ion mode with resolution set to 70,000 at m/z 200, an AGC target of 1e6, and maximum injection time of 50 ms. Ubiquitous Polysiloxane was utilized as a lock mass at m/z 445.12002. Top 12 MS/MS was performed on ions with intensities greater than 8.3e4 at a resolution of 35,000 with an AGC target of 1e6 and maximum injection time of 120 ms. HCD collision energy was stepped at 24 and 30, and dynamic exclusion time was set at 12 seconds. Singularly charged peptides were excluded from MS/ MS selection.
Thermo.Raw MS Files were imported into Proteome Discoverer 2.0 platform (Thermo Fisher Scientific) for database searching. Searches were performed against the UniProt (Horse) and SwissProt (mammalian) databases using the search algorithm SEQUEST HT. The number of allowed trypsin missed cleavages set to 2. Carbamidomethylation of cysteine, deamidation of asparagine and glutamine, oxidation of methionine, and phosphorylation of serine, threonine, and tyrosine were set as variable modifications. The parent ion tolerance was set to 10 ppm with fragment ion tolerance set to 0.02 Da. Protein Identification thresholds were set requiring false discovery rate less than 0.05% with a maximum Delta Cn of 0.05.
Gene ontology and protein-protein interaction analysis
Proteins co-immunoprecipitated using anti-testisin antibody and subsequently identified in the lysate by mass spectrometry were mapped onto an interaction network to provide an overview of existing/known interactions between proteins within the high molecular weight complex. Only those proteins identified in the co-IP gel lanes and with a PSM of 0 in the negative control lanes were considered present in the immunoprecipitation lysate. Cytoscape open-source platform (v 3.6.1) was used to access the STRING protein-protein interaction database via StringApp (Szklarczyk et al., 2017) and generate an interaction network. PSM values were imported into the network and used to determine color and size of nodes to indicate abundance of each protein in the lysate. Database species was set as Mus musculus owing to insufficient interaction entries in the Equus caballus database to generate meaningful results.
Gene ontology analysis of all proteins identified in co-immunoprecipitation lysate was performed to determine whether specific biological processes were overrepresented. Official gene symbols (listed in Table S1 ) were entered into DAVID gene ontology database (https://david.ncifcrf.gov) and analyzed for biological process using default settings. Database species was set as Homo sapiens owing to limited entries within the Equus caballus database.
RESULTS
Inhibition of serine proteases reduces spontaneous capacitation and acrosome reaction in stallion spermatozoa
To determine whether serine protease activity contributes to spontaneous capacitation and acrosome reaction of stallion spermatozoa, ejaculated stallion spermatozoa were incubated in the presence of AEBSF, a protease inhibitor previously shown to inhibit the enzymatic activity of recombinant testisin (Driesbaugh et al., 2015) . Incubation with AEBSF significantly reduced the percentage of spermatozoa exhibiting membrane lipid scrambling indicative of capacitation (Fig. 1A) as well as the percentage of spermatozoa undergoing spontaneous acrosomal exocytosis (Fig. 1B) . Sperm viability was not affected (Fig. 1C) .
Confirming presence of testisin in ejaculated stallion spermatozoa
Testisin was initially detected in stallion spermatozoa by mass spectrometry (Swegen et al., 2015) . Nested PCR was used to further validate its presence in this cell type. Nested PCR for equine PRSS21 revealed bands at 780 kbp (outer) and 222 kbp (nested) Figure 1 Effects of serine protease inhibition on sperm function. Ejaculated stallion spermatozoa were incubated overnight at 37°C with and without 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride) (AEBSF), an irreversible inhibitor of serine proteases known to inhibit proteolytic activity of testisin. Effects on sperm function were assessed by flow cytometry. Membrane lipid scrambling indicative of capacitation was measured using Merocyanine-540. (A), Spontaneous acrosome reaction was assessed using FITC-PNA (B) and sperm viability determined with Live/Dead stain (C Figure 2 Presence of testisin RNA in ejaculated stallion spermatozoa. Ethidium bromide-stained electrophoresis gels obtained following nested RT-PCR for PRSS21 (testisin). Equine testis served as positive control.
Spontaneous acrosome reaction
204 Andrology, 2019, 7, 199-212 © 2018 American Society of Andrology and European Academy of Andrology A. Swegen et al. corresponding to the expected primer lengths (Fig. 2) . DNA sequencing confirmed the PCR products to be specific for PRSS21.
Subcellular localization of testisin in ejaculated stallion spermatozoa and changes associated with capacitation and acrosomal exocytosis In fixed, permeabilized spermatozoa, anti-testisin antibody fluorescence was visible in the tail and midpiece, regardless of whether spermatozoa were live or dead prior to fixing, and regardless of capacitation status (Fig. 3A) . Occasional sperm neck labeling was also seen. However, immunofluorescence of live (unfixed) spermatozoa revealed that surface testisin was present over the sperm head, and its distribution varied in response to capacitating conditions (Fig. 3B) and induction of the acrosome reaction (Fig. 3C) . Spermatozoa incubated in non-capacitating conditions presented minimal labeling, while spermatozoa incubated in capacitating conditions displayed increased labeling throughout the sperm head, both in terms of intensity of fluorescence as determined by flow cytometry ( Fig. 3D ; NC 12.5 AE 1.0 AU; CAP 44.9 AE 5.5 AU; AR 84.6 AE 18.8 AU), and the percentage of labeled cells within the live population of spermatozoa ( Fig. 3E ; NC 1.7 AE 0.5%; CAP 26.5 AE 4.0%; AR 41.8 AE 4.9%). Following induction of acrosomal exocytosis by calcium ionophore, labeled spermatozoa tended to display more prominent testisin fluorescence at the equatorial region of the sperm head, a pattern consistent with localization of the protein at the inner acrosomal membrane. Dead spermatozoa in all populations (NC, CAP and AR) displayed midpiece and tail labeling similar to that of fixed cells, and these were excluded from the flow cytometric quantitative analysis by gating out cells positive for Live/Dead stain.
Testisin localization in testicular and epididymal tissues
Immunohistochemistry revealed mild testisin labeling in equine testis, most prominent in the cytoplasm of spermatogonia and pachytene spermatocytes (Fig. 4A) . No labeling was seen in testicular spermatozoa. In the epididymal caput, prominent testisin labeling appeared in the luminal fluid and spermatozoa (tail and midpiece). There was also accumulation of fluorescence at the apical surface of epididymal epithelial cells (Fig. 4C) . In the epididymal corpus, luminal fluid testisin labeling became faint and epithelial cell labeling minimal, while sperm cell fluorescence remained prominent (Fig. 4E) . Finally in epididymal cauda, luminal fluid and epithelial cell labeling had disappeared while sperm labeling persisted (Fig. 4G) . Secondary antibodyonly controls (Figs 4B, D, F, and H) showed minimal non-specific fluorescence and autofluorescence in capillary lumina. Protein complex formation and protein-protein interactions of testisin during sperm capacitation and acrosomal exocytosis To determine whether testisin participates in the formation of large protein complexes, such as those previously demonstrated to form and rearrange in preparation for zona pellucida binding and fertilization, the native-PAGE technique was used to ensure preservation of protein complex structures throughout gel electrophoresis. native-PAGE and Western blotting with anti-testisin antibody revealed that testisin does participate in the formation of at least three high molecular weight protein complexes (Fig. 5A) . One of these complexes showed a distinct decrease in testisin immunoreactivity in capacitated and acrosome-reacted sperm extracts, as opposed to extracts from spermatozoa incubated under non-capacitating conditions, suggesting either a dissipation of the complex upon capacitation or a reduced involvement of testisin in this complex. In order to identify the potential partner proteins involved in complex formation with testisin and to shed light on the functional role of testisin-containing complexes, interacting proteins were isolated from sperm extracts via co-immunoprecipitation using anti-testisin Figure 4 Testisin in testicular and epididymal tissue. Immunohistochemistry labeling with anti-testisin antibody (green) and DAPI (blue) in stallion testis (A) and caput (C), corpus (E), and cauda (G) of epididymis, with corresponding negative controls where primary antibody incubation was omitted (B, D, F, H) . Spermatozoa in the epididymal lumen are labeled with 'S', while 'LF' indicates luminal fluid, and 'E' indicates epididymal epithelium. In the testis, testisin labeling was present in spermatogonia and pachytene spermatocytes but absent from testicular spermatozoa. Testisin labeling was apparent in epididymal spermatozoa from all three regions, while testisin labeling was only observed in the epididymal luminal space of the caput and corpus. [Colour figure can be viewed at wileyonlinelibrary.com] 206 Andrology, 2019, 7, 199-212 antibody-coated immunobeads. This technique successfully isolated a~70 kDa protein, which was confirmed to be testisin by Western blotting with testisin antibody (Fig. 5B) . Coprecipitated proteins were then identified by mass spectrometry (full list of interacting proteins and gene names is provided in Table S1 ). The most abundant interacting proteins (Table 1) were galactosidase beta 1-like (GLB1L), monoamine oxidase A (MAOA), and zonadhesin (ZAN), followed by several members of the heat-shock protein family (HSPA1L, HSP90AA1, and HSPA2) as well as zona pellucida binding protein (ZPBP). Coprecipitated proteins were then ranked according to abundance in the co-IP lysate (using peptide spectral counts) and interrogated via the STRING protein-protein interaction database to determine whether testisin-interacting proteins share functional relationships and to provide an indication of the type of role testisin might play in sperm function (Fig. 6) . While GLB1L, the most abundant protein in the coprecipitation lysate, does not share interaction pathways with the other proteins according to STRING, other abundant proteins are tightly grouped and share known roles in spermatozoa-zona pellucida binding (HSPA1L and other HSPs, ZPBP, acrosin, and ZAN). Gene ontology enrichment analysis using DAVID revealed the top biological process category for the coprecipitated proteins as 'binding of spermatozoa to zona pellucida' (GO:0007339; p = 3.5 9 10 À10 ); the genes in this category were HSPA1L, ZAN, ZPBP, TCP1, CCT2, CCT3, CCT4, CCT7, and ACR.
DISCUSSION
In the present study, we sought to characterize the presence, dynamic distribution, and potential role of the protease testisin in stallion spermatozoa. Prior to commencing this study, we exposed spermatozoa to a range of protease inhibitors of various specificities, to determine which groups of proteases may be important in the functional maturation of spermatozoa and their ability to undergo capacitation and acrosome reaction. Among a panel of proteases, AEBSF, an irreversible serine protease inhibitor with trypsin-and chymotrypsin-like specificity, was the only inhibitor to substantially decrease the capacity of stallion spermatozoa to spontaneously capacitate (Fig. 1A) and acrosome react (Fig. 1B) without affecting cell viability (Fig. 1C) . This led us to search the stallion sperm proteome (Swegen et al., 2015) for proteases belonging to the serine protease family with known sensitivity to inhibition by AEBSF, yielding three serine proteases: acrosin, PRSS21 (testisin), and PRSS55. Acrosin has known roles in cumulus dispersal (Isotani et al., 2017) , zona pellucida penetration (Fraser, 1982) , and spermatozoa-oolemma fusion (Takano et al., 1993) but-at least in the mouse modelappears to act in synergy with another protease, most likely testisin (Kawano et al., 2010) . We therefore pursued a further investigation of testisin in stallion spermatozoa.
Following confirmation of the presence of testisin in stallion spermatozoa (Fig. 2) , we found that it exists in two distinct locations within this cell: internally within the sperm tail (Fig. 3A) , and on the surface of the acrosomal region following induction of capacitation and acrosome reaction ( Fig. 3B and C) . This distinct localization pattern suggests that testisin resides within the acrosomal matrix or on the inner acrosomal membrane, which becomes exposed following acrosomal exocytosis. While internal tail labeling remained consistent across epididymal (Fig. 4) , ejaculated, and capacitated spermatozoa, surface labeling of spermatozoa responded to the induction of capacitation and acrosome reaction in vitro, whereby significant increases in both the intensity and percentage cells positive for anti-testisin immunofluorescence were observed ( Fig. 3D and F , respectively) . These experiments employed live cell immunofluorescence where spermatozoa were not fixed or permeabilized, thus leaving the outer plasma membrane intact; this allowed us to observe dynamic changes in testisin surface labeling that would have been overlooked had only fixed, permeabilized cells been examined.
Some sperm surface and membrane-anchored proteins have been postulated to originate in the epididymal lumen, where they are delivered to the sperm surface via epididymosomes or lipid carriers within the epididymal luminal fluid (MartinDeLeon, 2015) . Alongside surface expression of testisin in spermatozoa, this prompted us to investigate the distribution of equine testisin in the epididymal environment. Immunohistochemistry results suggested a possible origin of testisin in the α-Testisin Co-IP Negative controls kDa Figure 5 Identification of testisin-containing high molecular weight protein complexes. Sperm protein extracts were examined using Blue Native PAGE and Western blotting with anti-PRSS21 antibody to establish testisin's participation in several high molecular weight complexes (A). Co-immunoprecipitation successfully isolated testisin, evident as a 70 kDa protein confirmed by Western blotting with anti-PRSS21 antibody (B) and absent from the negative control lanes (precipitation performed with antibody-free immunobeads only). Testisin coprecipitation lysates and control lysates were subsequently analyzed by mass spectrometry to identify proteins interacting with testisin.
luminal fluid of the epididymal caput ( Fig. 4C ) and (to a lesser degree) corpus (Fig. 4E) . Accumulation of labeling at the apical surface of the epididymal epithelium, and punctate labeling within epithelial cells, suggests that testisin may be secreted into the luminal fluid by epididymal epithelial cells and supports an epididymal origin hypothesis. Accordingly, spermatozoa are devoid of testisin in the seminiferous tubules of the testis (Fig. 4A ), but begin to show internal testisin labeling in the lumen of the epididymal caput, continuing to do so throughout their maturation in the epididymis and beyond. On the other hand, early developing germ cells in stallion testis sections show cytoplasmic testisin labeling at the spermatogonial and pachytene spermatocyte stages (Fig. 4A) . Together with detection of PRSS21 RNA in ejaculated stallion spermatozoa (Fig. 2) , this implies that testisin is synthesized within the germ line in this species. It is not clear whether the germ cells retain this testisin throughout their development, as spermatozoa in the seminiferous tubules fail to display testisin immunolabeling. Expression of testisin in the developing germ cell appears to differ from that in other species, notably the mouse, where labeling persists from the spermatocyte through to spermatid and sperm stages (Netzel-Arnett et al., 2009) .
The increase in sperm surface-exposed testisin encountered following capacitation and induction of the acrosome reaction (Fig. 3) is characteristic of proteins of the acrosomal vesicle and those involved in spermatozoa-oocyte interaction , and suggests that testisin may play an active role in this aspect of stallion sperm function. Such involvement has already been demonstrated in the mouse, where gene knockout mice lacking Prss21 display a reduced ability of spermatozoa to undergo capacitation-associated tyrosine phosphorylation and reduced fertilizing ability both in vitro and in vivo (Netzel-Arnett et al., 2009) . While previously thought to be a simple 'lock and key' mechanism, spermatozoa-zona pellucida binding has recently emerged as a more sophisticated series of events involving the assembly and rearrangement of multiprotein complexes on the sperm surface . The emergence of testisin on the surface of the sperm head following A23187-induced acrosomal exocytosis seems to ideally position this protein for interaction with the zona pellucida and thus led us to investigate whether testisin might be part of a larger functional protein complex.
The Blue Native PAGE technique has been previously adapted for use in investigating sperm proteins and allows the detection of large protein complexes without subjecting them to denaturing and reducing conditions (Redgrove et al., 2011) . Using this technique, we found that testisin does indeed reside in at least three distinct high molecular weight complexes (Fig. 5A) . One of these complexes appears to lose testisin immunoreactivity progressively throughout capacitation and acrosome reaction induction. As no compensatory increase in testisin reactivity occurs in any of the other complexes, we conclude that testisin is partially lost from the cell during these processes. The implication is that this particular testisin complex is located within one of the structures that are shed from the sperm cell during acrosomal exocytosis (i.e. the acrosomal vesicle or acrosomal matrix), or on the surface of the inner acrosomal membrane. These locations are compatible 208 Andrology, 2019, 7, 199-212 with our live cell immunofluorescence results ( Fig. 3B and C) and with the unmasking of surface testisin following acrosomal exocytosis.
Having found that testisin does participate in the formation of high molecular weight protein complexes, we set out to define its interacting partners. Proteins isolated in complex with testisin during co-immunoprecipitation (listed in Table 1 ) provide further insight into this protease's possible role in fertility. The proteins most abundant in the precipitation lysate are presumed to be those most prevalent in the testisin complexes in vivo. Relative abundance is expressed as peptide spectral matches (PSM), determined by mass spectrometry analysis of the precipitation lysate after gel electrophoresis. Notably, the majority of high abundance proteins are already known to be involved in spermatozoa-oocyte interaction and have documented functional relationships with each other (Fig. 6 ). More specifically, several of testisin's partner proteins participate in zona pellucida binding and penetration: heat-shock protein A2 (Redgrove et al., 2013; Bromfield et al., 2017) , multiple components of the chaperonin-containing TCP1 complex , zona pellucida binding protein (Yu et al., 2006 (Yu et al., , 2009 , acrosin (Ferrer et al., 2012) , and zonadhesin (Tardif et al., 2010a,b; Tardif & Cormier, 2011; Kongmanas et al., 2015) . The close association of testisin with these proteins suggests that it, too, forms part of the zonabinding complex. Alternatively, testisin's interaction with these proteins may point to a proteolytic role in the repositioning and activation of the complex during acrosomal exocytosis in preparation for zona binding and fertilization.
Particularly pertinent is the detection of zonadhesin (ZAN) as one of testisin's most prevalent interacting proteins. Previously Figure 6 Interacting partners of testisin and their putative functional relationships. Proteins in complex with testisin were identified using co-immunoprecipitation with anti-PRSS21 antibody, SDS-PAGE, and mass spectrometry analysis, and mapped to an interaction network using the STRING database. Proteins more abundant within the interactome are represented by larger nodes of darker color. Connecting lines represent putative functional associations between proteins. Gene ontology enrichment analysis using DAVID revealed the top biological process category for the coprecipitated proteins as 'binding of spermatozoa to zona pellucida' (GO:0007339; p = 3.5 9 10 pinpointed to the acrosome in spermatozoa of multiple species (Lea et al., 2001; Bi et al., 2003; Olson et al., 2004; Tardif et al., 2010a,b) , zonadhesin is trafficked to the sperm surface following capacitation and acrosome reaction, and has already been shown to do so in complex with acrosin and ZPBP, along with multiple heat-shock proteins and TCP1 complex proteins . Zonadhesin is responsible for species-specific binding of spermatozoa to the zona pellucida, but this can only occur after a series of proteolytic cleavage and glycosylation steps. Given that the proteins identified in the zonadhesin complex are remarkably similar to those in our testisin interactome, we suspect that testisin is a previously undetected member of the zona binding complex in the horse and could be responsible for the proteolytic events that prepare the complex for successful binding and penetration of the zona pellucida.
A limitation of using protein-protein interaction databases and gene ontology databases to infer the function of proteins is their reliance on published data and thus the need to use databases of well-studied species, such as the mouse or human, in our analyses of stallion spermatozoa. Because of limited data availability for Equus caballus, we used the Mus musculus database for STRING interactome mapping and Homo sapiens database for DAVID gene ontology analysis. While an assumption of conserved biological function is made, species differences in protein function remain a caveat, particularly so within the realm of gamete interactions and species-specific fertilization (Swanson et al., 2003; Gasper & Swanson, 2006) . The zona pellucida-binding complex discussed above has been well characterized in the mouse but is yet to be thoroughly investigated in the horse. A significant deficit of sperm ZPBP has been observed in a clinical case of idiopathic infertility and zona binding failure in the stallion (Swegen et al., 2018) , but further work is needed to ascertain the function of ZPBP along with other putative zona binding proteins in this species. This is the first study to characterize the presence of the testisspecific serine protease, testisin, in stallion spermatozoa. We have shown that testisin is present on the surface of live spermatozoa and contained in proximal epididymal fluid, possibly being delivered to the sperm cells following transit through the epididymal lumen. Furthermore, we observed dynamic changes in the localization of sperm testisin both during epididymal maturation and upon capacitation, in particular its relocation to the outer sperm surface following acrosomal exocytosis, indicative of this protein's potential role in acquisition of functional competence by spermatozoa. Co-immunoprecipitation of the sperm testisin interactome suggests that testisin forms part of the zona pellucida-binding complex in stallion spermatozoa and may be involved in the proteolytic cascade that prepares the sperm surface for interaction with the oocyte. While future studies will need to further characterize testisin's functional significance and examine a wider population cohort of stallions across a range of breed profiles and fertility levels, the present findings place testisin as an important candidate protein with potential roles in epididymal maturation, capacitation events, and spermatozoa-oocyte interaction.
